Council of the Physiological Society of Japan. All surgical wounds were carefully infiltrated with 0.5% lidocaine hydrochloride solution. Each animal was anesthetized with a mixture of ␣-chloralose and urethane (initial doses: 60 and 300 mg/kg, I.P., respectively; supplemental doses: 1/12 of the initial doses, I.V., when necessary). The adequacy of anaesthesia was assessed by pupillary aperture and stable records of heart rate and blood pressure in background level at periods prior to every different treatment. The chloralose-urethane mixture provided a long-lasting and constant depth of anesthesia in agreement with previous reports [5, 6] . The cervical artery and cephalic vein were catheterized for the measurement of arterial blood pressure and administration of drugs, respectively. The trachea was cannulated for artificial ventilation, and end-tidal CO 2 and O 2 concentrations (FET CO 2 and FET O 2 ) were continuously monitored using an expiratory gas analyzer (model 1H26; NEC San-ei, Tokyo, Japan). In some experiments, a heparinized guide catheter (Anthron catheter, Toray Industries Inc., Tokyo, Japan) was inserted into the abdominal aorta through the femoral artery, and this catheter was connected to a Paratrend 7 sensor (P7) (Biomedical Sensors Ltd., High Wycombe, UK) for continuous monitoring of arterial blood CO 2 gas tension (Pa CO 2 ) and arterial blood pH. The end-tidal CO 2 tension (PET CO 2 ) was calculated from the measured FET CO 2 , atmospheric pressure and vapor pressure, and compared with the Pa CO 2 readings by P7. In our previous study, the P7 readings were always parallel to but slightly higher than those of a conventional blood gas analyzer [7] . Because of this tendency to overestimate, the Pa CO 2 readings by P7 were slightly higher than the PET CO 2 . The carotid bodies were denervated bilaterally in all except five animals that were used to study the influence of the carotid bodies on hypoxic effects. All of the animals were bilaterally vagotomized and paralyzed with an initial dose of pancuronium bromide (0.2 mg/kg), followed by a continuous infusion at a rate of 0.2 mg/kg/h. Then they were artificially ventilated using an air-oxygen mixture, with FET O 2 kept at about 20%, except when hypoxia was induced by inhaling a 15% O 2 -85% N 2 gas mixture. The tidal (stroke) volume of the respirator was set at 10 ml/kg body weight. The left C5 phrenic root was cut peripherally at the neck level, desheathed and placed on a bipolar silver electrode in a pool of mineral oil. The left gastrocnemius muscle nerve was cut and mounted on a bipolar stimulating electrode. Rectal temperature was maintained at 37.5-38.5°C with a feedback-controlled heating pad.
Muscle nerve stimulation. The gastrocnemius muscle nerve afferents were electrically stimulated. The strength of ES was set at a suprathreshold for C-fiber afferents of 400 to 800 times the threshold for muscle contraction. Rectangular pulses of 0.5 ms with a repetition rate of 8.3 Hz were applied for 1 min. Respiratory activity. To obtain an index of central respiratory activity, phrenic nerve discharges were filtered (100-3,500 Hz), rectified and integrated by means of a resistance-capacitance circuit with a time constant of 0.1 s. The peak amplitude of integrated phrenic discharges (PK) and instantaneous respiratory rate (RR) were measured using a microcomputer. Breath-by-breath measurement of neural respiratory output (RO), which corresponded to instantaneous minute respiratory outputs, was expressed as the product of PK and RR.
The averaged data of RO and PK per 30 s were normalized by assigning the standard RO and PK values obtained from the CO 2 response curve as 100 units (see next section).
CO 2 response curve. To make comparisons among the cats, the RO and PK data were normalized using the CO 2 response curve. In each experiment, the respiratory response to inhaled CO 2 (CO 2 response) was initially measured by a modified rebreathing method [8] under artificial ventilation: Acute apnea was induced by increasing ventilation, and a few minutes later the airway was switched to a rebreathing bag containing a 5% CO 2 gas mixture with 95% O 2 gas or with 30% O 2 -65% N 2 gas, the volume of which was set at one half of the minute ventilation volume. The rebreathing was continued for several minutes. These differing O 2 levels did not affect the CO 2 response in carotid body-denervated animals. The carotid bodyintact animals were made to inhale the 30% O 2 -65% N 2 gas mixture because the 95% O 2 gas mixture tended to depress the CO 2 response through the carotid bodies. After the onset of rebreathing, FET CO 2 increased almost linearly with time, followed by an increase in respiratory activity (Fig. 1A) . The increase in respiratory activity appears to be caused mainly by the augmentation of PK. The response curve of RO to FET CO 2 (CO 2 response curve) usually consisted of a rapid rising section with linearity and a progressively slower rising section, as shown in Fig. 1B . The end of the initial section or the inflection point is referred to as the standard point. The RO and PK values at the standard point were assigned as the standard RO and PK (see the section "Respiratory activity"). The PK level near the standard value is referred to as the control level of respiration.
Post-stimulus suppression. The magnitudes of respiratory responses to ES varied among animals, but the patterns of these responses were similar to one another. In most cases, post-stimulus suppression appeared during the period of 2-15 min after ES was stopped. The magnitudes of post-stimulus suppression in the RO, PK and RR were represented as the differences between the values during the 2-15 min period after ceasing ES and the values for a 1-min period before stimulus. The changes were represented by normalized RO and PK, and RR as well as by the percentages of the pre-stimulus values.
Augmentation of respiration. The prestimulus respiratory level was augmented by the following three methods: (1) intravenous administration of naloxone, (2) hypercapnia induced by decreasing the ventilation rate without altering the stroke volume of the respirator, and (3) hypoxia induced by continuously inhaling a 15% O 2 -85% N 2 gas mixture through the respirator. This mild hypoxia induced respiratory facilitation even in carotid body-denervated animals, in which a more severe hypoxia decreased respiration sometimes to apnea. ES was applied after the augmented respiration had reached a stable level. The hypercapnia or hypoxia condition was maintained until at least 15 min after ceasing ES. After augmentation by means of hypercapnia or hypoxia, the restoration of respiration was confirmed by returning the ventilatory condition to that of the control in most of the cases.
Drug administration. Naloxone hydrochloride (Sigma Chemical Co., St. Louis, MO, USA) in 0.7 ml of Ringer's solution was administered intravenously for 1 min. Two doses of 0.1 and 1.0 mg/kg (a total of 1.1 mg/kg) were sequentially tested at intervals of 11-14 min in all cases except one, in which a single dose of 1.0 mg/kg was given as shown in Fig. 2A . Ringer's solution (0.7 ml) itself did not affect resting respiration.
Statistical analysis. Data are presented as meanϮSE. Statistical analysis of data was performed with paired Student's t-test or Wilcoxon signed ranks test, and the data were considered significant if pϽ0.05.
RESULTS

Effects of prestimulus respiratory level augmented by naloxone
ES caused respiratory facilitation during the stimulation period, and induced a subsequent poststimulus suppression. An example of extreme "post-stimulus suppression" leading to apnea is shown in Fig. 2A (FET CO 2 : 3.3%). Intravenous administration of naloxone (1 mg/kg) reversed this apnea and led to a subsequent level of respiration higher than the pre-stimulus level ( Fig. 2A) . Following the injection of naloxone, ES-induced post-stimulus suppression in the PK was barely discernable (FET CO 2 : 3.3%) (Fig. 2B) .
We examined the effects of naloxone on the pre-Respiratory Level and Reflexive Suppression stimulus level of respiration and magnitude of poststimulus suppression in five animals. Naloxone was sequentially administered in two doses: first 0.1 mg/kg (first injection) and second 1.0 mg/kg (second injection). The first injection induced marked facilitation in resting respiration and the respiratory levels reached their respective plateau levels within several minutes. The second injection also induced respiratory facilitation in all cases, but the additional increase was small. At 7 min after the first and second injections, the RO had increased by 43.8Ϯ4.5 and 66.0Ϯ6.4%, respectively, over the value before the first injection. In these increases in RO responses, PK was more effectively facilitated than RR, leading to an increased PK/RR ratio in all cases. The augmentations induced by naloxone were long-lasting. Even at 47-66 min after the second injection, the respiratory level remained markedly high compared to the prestimulus period without altering the FET CO 2 level. The various parameters for the 1 min pre-stimulus period at the control respiratory level and respiratory level augmented by naloxone (Aug NLX level) are summarized in Table 1 .
At the control level of respiration, a facilitatory response during the stimulation period and a clear poststimulus suppression appeared sequentially as seen in the time course of the averaged PK responses (Fig.  3A) . During the 2-15 min following ES, RO, PK and RR were significantly suppressed compared to the prestimulus values; that is, there was a clear poststimulus suppression (Fig. 3A, B ). At the Aug NLX level, the averaged PK increment during the stimulation period (13.8Ϯ4.1 units) was similar to that at the control level (9.8Ϯ5.4 units) (Fig. 3A) . However, the magnitudes of poststimulus suppression in the RO and PK, but not in the RR, were significantly attenuated at the Aug NLX level compared to those at the control level (Fig. 3B) . The percentage change in PK at the Aug NLX level (Ϫ2.4Ϯ2.3%) was attenuated compared to that at the control level (Ϫ12.7Ϯ1.8%).
Effects of prestimulus respiratory level augmented by hypercapnia
The effects of augmenting the prestimulus respiratory level by hypercapnia (Aug high CO 2 level) on the magnitude of poststimulus suppression were examined in 10 animals. Hypercapnia was induced by decreasing the ventilation rate and hence elevating FET CO 2 . Under the hypercapnic condition, the prestimulus levels of the RO, PK and RR were markedly augmented ( Table 1 ). The PK increment greatly exceeded that of RR, leading to a significant increase in the PK/RR ratio ( pϽ0.005 by Wilcoxon signed ranks test). The FET O 2 value under the hypercapnic condition was slightly lower than that at the control level, but the change was negligible (Table 1) .
At the control level, post-stimulus suppression in the RO, PK and RR was significant, as shown in Fig.  4A and B. At the Aug high CO 2 level, the averaged PK increment during the stimulation period (22.0Ϯ7.2 units) was similar to that at the control level (19.7Ϯ7.1 units), however, no poststimulus suppression in the PK was observed (Fig. 4A) . The magnitude of post-stimulus suppression in the PK was significantly attenuated compared to that at the control level (Fig. 4B, pϽ0.01 by paired t-test) . The percentage change in the PK at the Aug high CO 2 level (Ϫ0.5Ϯ0.6%) was attenuated compared to that at the control level (Ϫ20.6Ϯ4.5%). The sequence of the ES trials at the two respiratory levels was varied at random for each animal. The changing sequence of the ES trials did not result in any differences in the magnitude of poststimulus suppression.
To confirm that hypercapnia was induced at the Aug high CO 2 level, arterial blood CO 2 gas tension (Pa CO 2 ) and arterial blood pH were measured in three of the 10 animals. The averaged data for the 1 min prestimulus periods at the control and Aug high CO 2 levels are listed in Table 1 . The PET CO 2 and Pa CO 2 values at the control level were near the values reported in unanesthetized cats [9] [10] [11] . Given the tendency of the Pa CO 2 sensor to overestimate values (see METHODS), the Pa CO 2 values obtained appear to be comparable to the values for end-tidal gas tension (PET CO 2 ) that were calculated from FET CO 2 ( Table 1 ). The higher Pa CO 2 and lower pH implied that hypercapnia was induced at the Aug high CO 2 level.
Effects of prestimulus respiratory level augmented by hypoxia
The effects of a prestimulus respiratory level augmented by hypoxia (Aug low O 2 level) on the magnitude of poststimulus suppression were examined in four carotid body-intact animals and three with the carotid † † Indicate significant poststimulus suppression at levels of pϽ0.05 and pϽ0.01, respectively, by paired t-test. bodies denervated. Hypoxia was induced by having the animals inhale a 15% O 2 -85% N 2 gas mixture. Whether the carotid bodies were kept intact or denervated, a clear post-stimulus suppression at the control level of respiration was observed (Figs. 6, 7) , and inhaling the 15% O 2 gas mixture reduced FET O 2 by the same degree (Fig. 5) without causing substantial changes in FET CO 2 (Table 1) . However, the resting respiration was more effectively facilitated during hypoxia in the carotid body-intact animals than in the carotid body-denervated ones. At 15 min after the onset of inhalation, the PK increment in the carotid body-intact animals (74.4Ϯ25.4%) markedly exceeded that in the carotid body-denervated animals (24.7Ϯ12.4%) as shown in Fig. 5 . ES was applied about 20 min after the onset of 15% O 2 inhalation.
In all of the carotid body-intact animals, prestimulus RO and PK levels were markedly augmented by hypoxia, but these increases were not significant compared with the control levels, possibly due to the variation among animals ( Table 1) . At this Aug low O 2 level, the averaged PK increment during the stimulation period (29.6Ϯ10.6 units) was similar to that at the control level (27.0Ϯ16.9 units), but no or only a slight poststimulus suppression in the PK was induced (Fig.  6A) . At the Aug low O 2 level, the magnitudes of poststimulus suppression in the RO and PK were significantly attenuated compared to those at the control level ( pϽ0.05 by paired t-test) (Fig. 6B) . The percentage change in PK at the Aug low O 2 level (1.7Ϯ3.1%) was markedly attenuated compared to that at the control level (Ϫ22.2Ϯ12.0%).
Respiration in the carotid body-denervated animals was only mildly augmented by hypoxia, as described above. The averaged PK increment during the stimulation period at this Aug low O 2 level (22.8Ϯ11.4 units) was similar to that at the control level (20.1Ϯ9.3 units), while the magnitudes of poststimulus suppression in the PK tended to be attenuated (Fig. 7) . The percentage changes in PK at this Aug low O 2 level and at the control level were Ϫ2.4Ϯ2.0 and Ϫ9.9Ϯ6.2%, respectively.
To investigate whether inhaling the 15% O 2 gas mixture changed the levels of Pa CO 2 and arterial blood pH, these variables were measured in the three carotid body-denervated animals. The averaged data for the 1 min pre-stimulus periods at the control and Aug low O 2
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DISCUSSION
The resting respiration was augmented markedly by either hypercapnia, hypoxia or naloxone administration. In these augmentations, the resting PK levels tended to be more effectively facilitated than the RR levels. When thin-fiber muscular afferents at these augmented PK levels were electrically stimulated, the magnitude of poststimulus suppression in the PK was markedly attenuated without consistently altering the facilitatory response during the stimulation period. It seems that the facilitatory component of the augmented resting respiration can reduce the inhibitory component of poststimulus suppression without affecting the facilitatory response.
The effects of naloxone administration and hypercapnia were examined in the carotid body-denervated animals in order to exclude the possibility of input from peripheral chemoreceptors. The hypoxic effects were examined in both carotid body-denervated and -intact animals. As expected, in the carotid body-intact animals, hypoxia more effectively facilitated resting respiration and more markedly attenuated the magnitude of poststimulus suppression in the PK than it did in the carotid body-denervated animals. Under the hypoxic condition, it appears that the marked facilitation of respiration through the peripheral chemoreceptors induces a marked attenuation in the magnitude of post-stimulus suppression. In spite of the similar augmented levels of respiration, the magnitude of poststimulus suppression in the RO appeared to be more severely attenuated under hypoxia than hypercapnia, but what caused this remains unknown.
A prolonged, poststimulus respiratory suppression, which appeared following apnea during electrical stimulation of the superior laryngeal nerve, has been reported [12] [13] [14] . Although the response during stimulation was different from that seen in the present study, the magnitude of this suppression was inversely related to the levels of PET CO 2 [12, 13] , which are closely related to the resting levels of respiration, and attenuated by naloxone [14] in a manner similar to the present results. In the present study, since naloxone appears to be nonspecific in the attenuation, it would seem difficult to ascertain whether endogenous opioid mechanisms play a role in the genesis or modulation of post-stimulus respiratory suppression. However, endogenous opioids may exert a tonic inhibitory influence on respiration under these experimental conditions because the resting respiration is augmented by naloxone, which was consistent with previous reports [1, 2, 9, [15] [16] [17] .
Apart from respiration, another well-known example of a prolonged poststimulus suppression induced by nociceptive inputs is diffuse noxious inhibitory control (DNIC). DNICs, which are triggered by noxious stimulation applied to various parts of the body containing viscera or muscle, supraspinally modulate the spinal transmission of nociceptive messages [18] [19] [20] [21] . The poststimulus respiratory suppression in this study seems to be similar to DNICs in several aspects: (1) both phenomena are induced by mechanical, thermal, chemical and electrical nociceptive inputs though C and A-␦ afferent fibers, and last for several minutes after stimulation is ceased [1, 2, 20] ; (2) paradoxically, both phenomena are attenuated by morphine, and the attenuation is reversed by naloxone [20] [21] [22] ; and (3) both DNICs and poststimulus respiratory suppression disappear or are strongly reduced after lesion of certain structures in the brain stem, although the structures responsible are different: the subnucleus reticularis dorsalis for DNICs [23] and the nucleus parabrachialis lateralis for poststimulus respiratory suppression [24] [25] [26] .
We previously reported the effects of a microinjection of kainic acid (KA), a known excito-toxic agent, into the region of the nucleus parabrachialis (NPB), and separately into the nucleus parabrachialis medialis (NPBM) and nucleus parabrachialis lateralis (NPBL) [26] . A unilateral microinjection of KA into the NPBL induced long-lasting respiratory facilitation and, at this augmented level of respiration, poststimulus respiratory suppression was almost completely Respiratory Level and Reflexive Suppression eliminated. A subsequent microinjection of KA into the ipsilateral NPBM lowered the level of respiration again and restored poststimulus respiratory suppression. Furthermore, apnea induced by a unilateral injection of KA into the NPBM was reversed by elevating the level of FET CO 2 or increasing the dose of naloxone administered. Based on these findings, we assume that activities in the NPBM have a tonic facilitatory effect on respiration, while activities in the NPBL have a tonic inhibitory effect on respiration and play a critical role in poststimulus suppression. The activities of the facilitatory component in the NPBM may be nonspecifically increased by the procedures for facilitating respiration used in this study. This increase in the activity of the facilitatory component may reduce the activity of the inhibitory component in the NPBL, leading to attenuation of the magnitude of post-stimulus suppression. The magnitude of poststimulus suppression may be controlled through the counterbalancing effects of facilitatory and inhibitory activities in the region of the NPB. In this study, we show that the prestimulus respiratory level is an important factor in determining the magnitude of poststimulus suppression, which is thought to be a negative feedback phenomenon induced by a system to safeguard against excessive respiratory responses.
